Perialpine areas of central Europe have undergone significant changes following the last Alpine glaciation and especially through the Holocene time. This study relies on geochronological, mineralogical and geochemical clues to explain the formation and paleoenvironmental significance of FeeMn nodules reported from the young soils (~4.5 ka BCE) of Geneva Basin in western Switzerland. Having on average 2 mm in diameter, the nodules usually possess an onion-like and quasi-layered internal architecture defined by selective enrichments in Fe and Mn. Fe-rich mica is largely present in soil matrix and has served as a main source of Fe and Mn. Susceptible to favourable Eh-pH conditions several steps in mica weathering were recognised leading to the formation of nodules -vermiculitization, microcracking, FeeMn segregation and re-precipitation. Mineral alterations were boosted by long periods of summer warm climate during Boreal and Atlantic times as suggested by the increasing illite-smectite content and a disappearance of hydroxyl-interlayered clays from analysed colluvium. Moreover, archaeological ages and radiocarbon dating of charcoal yielded coherent FeeMn encrustation ages (4.8-4.3 ka BCE and 4.5-4.4 ka BCE, respectively) that coincide with the Holocene temperature maximum (~4 ka BCE) in Central Europe. Terrain morphology that led to better water retention formed earlier than~8 ka BCE ago, during undefined Late Glacial time, promoting seasonal changes in redox conditions, thus facilitating the mobilization, distribution and re-precipitation of Fe and Mn. Established conditions lasted until Late Neolithic (3.4-2.2 ka BCE) when different agricultural practices changed favourable hydromorphic environment effectively putting an end to further nodule formation.
Introduction
Following the Last Glacial Maximum (LGM) in the European Alps around 20 to 22 ka BP, substantial areas of western Switzerland (Fig. 1 ) had become free of ice due to global warming and subsequent glacier retreat (e.g. Fiore et al., 2011) . In Geneva area, the newly exposed land surface consisted mainly of glacial and glaciolacustrine sediments that overlain a thick molasse bedrocks of Tertiary age (e.g. Amberger, 1978; Moscariello et al., 1998; Girardclos et al., 2005) . From that time the level of the proglacial/periglacial Lake Geneva was continuously dropping and attained a level close to the present-day at about 12 ka BP (Fiore, 2007) . Ancient flooded lake basin was transformed into a terrestrial landscape that has been exposed to alteration, colluvial and alluvial sedimentation giving rise to the formation of loose, unconsolidated, and relatively thin Holocene perialpine soils (Houbolt and Jonker, 1968) . Along the hillside of Grand-Saconnex (425 masl), a locality situated within the Geneva city limits (Fig. 1) , recent archaeological excavations have revealed a~1.5 m thick exposure of soils and sediments that included a basal glacial till and reworked glacial till proceeded by several distinct clayey to sandy horizons (Fig. 2; Steimer-Herbert, 2015, 2017) . At the interface of two colluvial units, the upper very fine grained and the lower marked by a brownorange alteration, a cm-thick dark zone rich in FeeMn nodules has been reported ( Fig. 3 ; Šegvić et al., 2017) . The nodules have up to 5 mm in concentrations it has been shown that FeeMn nodules, especially from marine sediments, may contain valuable metals such as Ni, Cu, and Co in economical quantities (e.g. Ram et al., 2001 ). Further to this, Mn is usually enriched up to 60 times compared to the normal abundances it attains in soils and sediments (e.g. Tan et al., 2006) . High adsorption capacity of soil FeeMn nodules was shown as a factor that effectively controls the dynamics of many toxic metal pollutants found in soils thus placing a great deal of research attention to the nodules utilized in the remediation of contaminated surface sediments (e.g. Timofeeva and Golov, 2007) .
Although the exact mechanism of the formation of FeeMn soil nodules and concretions is not fully understood, it has been reported that the alternating seasonal redox conditions may facilitate the mobilization of Fe and Mn and their dispersion throughout the soil matrix (e.g. Rhoton et al., 1991; Zhang and Karathanasis, 1997; Vepraskas, 2001; ) . Redox conditions in soils are largely controlled by microbial activity and presence of carbon used by these organisms as electron donors Fig. 1 . Location of archaeological site of Grand-Saconnex with an overview on regional geology of western Switzerland (up) . Geological map adapted after Lombard and Paréjas (1965) . Detailed plan of archaeological site with the positions of sampling locations indicated (down). Modified after Steimer-Herbert (2015, 2017) . Steimer-Herbert (2015, 2017) . B. Šegvić et al. Applied Clay Science 160 (2018) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] during respiration (e.g. Fiedler et al., 2007; Michael et al., 2015) . Once mobilized, Fe and Mn will precipitate in form of oxy-hydroxides following the soil environmental conditions becoming more oxidizing (Zaidel'man et al., 2009) . Less understanding generally exists about potential source(s) of Fe and Mn needed for nodule formation and mobilization mechanisms of these elements. The purpose of this study is to find mineralogical and geochemical clues as to how the nodules found in young soils of the Geneva Basin are related to or developed from the potential FeeMn sediment sources. To do that, it was necessary to define the origin of Fe and Mn and to investigate the nodule internal architecture that largely reflects the dynamics of microenvironments in which chemical reactions took place. Moreover, the formation of the nodules has been discussed in the context of the Holocene climate evolution in Central Europe assessing the influence of climate warming to the range of diagenetic phenomena in young perialpine soil horizons.
Geography and geology of the study area
The investigation site is located in Geneva, western Switzerland, at less than two kilometres from the "Petit Lac" of the Lake Geneva, the largest perialpine lake in Western Europe ( Fig. 1 ; Moscariello et al., 1998) . The present surface location of the site is in a field at an altitude of 425 masl, situated at the slopes of the topographic elevation of Grand-Saconnex (max. 467 m), which appears to have resisted to multiple Quaternary glacial erosion cycles (Fig. 2) . Classified as arable land, the location of the site is confined by houses and roads, which preserved this area intact until the discovery of archaeological site in 2014. The field itself is about a hundred meters long with a 4% slope in the SW-NE direction (Fig. 2 ). This land is frequently flooded by local temporary groundwaters after intense raining, which may explain the presence of two temporary wells located nearby. According to historical records, they played a significant role in the context of the discovered archaeological site Steimer-Herbert, 2015, 2017) .
Geologically, the area of Geneva Basin corresponds to the western extremity of the relatively lowland Swiss Plateau ranging between the Alps in the southeast and the Jura mountains in the northwest. The Swiss Plateau bedrock is characterized by Tertiary molasse, which is a clastic deposit formed in front of the rising mountain chains (Schroeder, 1958) . The molasse-type deposits are typically accumulated in foreland basins and may occasionally fill the entire basin creating a nearly flat depositional surface such is reported in the Geneva Basin. Out of the four types of Plateau Molasse, only two are present in Geneva area -the "grey Molasse" of upper Chattian (25-23.03 Ma) consisted of sandstones and grey marls with some gypsum and the "red Molasse", which is composed of marls and sandstones of lower Chattian (28.1-25 Ma) (Charollais et al., 2007) . The latter constitutes the bedrock of the Grand-Saconnex site on top of which a succession of Quaternary glacial and glaciolacustrine sequences deposited during the post-Würmian deglaciation.
Materials and methods

Description of sampled material
Soil and charcoal samples were recovered at the archaeological site of Grand-Saconnex situated in the city of Geneva, western Switzerland (Fig. 1) . The site is located in a grass field at an elevation of 425 m above sea level (Fig. 2) and the sampling took place on several occasions in 2015 and 2016. In total, 15 samples of soils and till sediments were gathered directly from fresh and clean vertical outcrops in transects dug across the site along two semi-parallel profiles (Fig. 2) . Nodule extract was separated by hand picking from the soil horizon rich in nodules. Organic matter was sampled into aluminium foil directly from sediment outcrops. A detailed overview of sampling locations along with related sedimentary units and range of analyses undertaken is provided in Table 1 . The majority of soil samples was gathered in the so-called colluvium basin where nodule-rich layer was recovered, while the rest originates from the glacial till promontory where older units are represented (Fig. 2). 3.2. Methods 3.2.1. Binocular, scanning and automated electron microscopy Light microscopy investigation was performed on a whole set of soil samples and FeeMn nodules separated thereof. The study was completed using a Leica M420 stereo macroscope and a Leica DMLS binocular microscope installed at the Department of Earth Sciences of the University of Geneva, Switzerland. Soil of different sedimentary units was diluted with distilled water and gently placed on smear slides. When dried the sediment was fixed with a resin (Norland Optical Adhesive) and treated with an ultra violet lamp for about 10 to 20 min. A set of magnifications from 10× to 40× was employed using a polarised and non-polarised light. In order to separate FeeMn nodules, the samples were firstly processed using a 100 μm sieve and, thereupon, washed with deionized water in an ultrasonic bath to remove clay coatings stuck around the nodules. Selected nodules were fixed on a microscopic stub using a two-side adhesive tape and once fixed, a few were broken with a steel point to unveil their internal structure. Automated mineral and textural characterization was performed using an FEI QEMSCAN® Quanta 650F facility installed at the Department of Earth Sciences (University of Geneva, Switzerland) on a set of 9 samples originating from different soil units (Table 1) . In addition, several peculiar domains rich in FeeMn nodules were re-evaluated using different measurement setups. The mineral phase identification relied on the combination of back-scattered electron (BSE) contrast and EDS spectra, giving information on the elemental composition (Gottlieb et al., 2000) . Individual X-ray spectra were compared to a library of known spectra and a mineral name was assigned to each individual acquisition point. The X-ray EDS spectra library, initially provided by the manufacturer, has been further developed in-house using a variety of natural standards for different mineral species. Measurements were performed on carbon-coated chips made of impregnated soil samples that were minimally polished in order to avoid a net loss of clays. Analytical conditions included a high vacuum and an acceleration voltage of 15 kV with probe current of 10 nA. The X-ray acquisition time was 10 ms per pixel using a point-spacing of 1, 2.5 and 5 μm. Up to 122 individual fields of view were measured in each sample, with 1.5 mm per single field. QEMSCAN® data processing (e.g. unknown spectra debugging, particle boundary disambiguates, field stitching) was performed using the FEI iDiscover software.
In order to infer on crystal morphology and aggregate shapes of soils, and texture and phase chemistry of the nodules, SEM-EDS investigation by high-magnification back-scattered electron (BSE) and secondary electron (SE) imaging was performed using a Hitachi S-4300 E/N field emission variable pressure scanning electron microscope installed at the College of Arts and Sciences Microscopy (Texas Tech University, USA). A variety of acceleration voltages and beam size conditions were employed to assure the best imaging conditions. The ancillary analytical system EDAX Pegasus 4040 was used for EDS spectra acquisition and quantification in a standardless mode. Chemical data were used as atomic percentages and were normalized to 100%.
X-ray diffraction
X-ray powder diffraction was performed on clay fraction samples. Soil and till sediment was gently crashed with an agate mortar prior the separation of clay fraction from the bulk sediment by centrifugation at the Laboratory for clay separation of the Department of Earth Sciences of the University of Geneva, Switzerland. Firstly, the organic matter was removed using 10 wt% H 2 O 2 for at least 24 h. Na-metaphosphate was added to disperse the clays, while further disaggregation was ensured in an ultrasonic bath. Clay fraction (< 2 μm) separated by centrifugations were treated by 10 ml of approximately 4M MgCl 2 to saturate them with Mg thus securing a uniform cation exchange. To minimize the free-ion content all the suspensions were centrifuged with distilled water for at least three times. The pipettes were used to place clay solutions to porous ceramic tiles. Such prepared oriented mounts were left overnight to dry prior XRD measurements. The thickness of oriented mounts surpasses 50 μm, which is a limit of 'infinite thickness' (Moore and Reynolds, 1997) required for semi-quantitative determination of the clay mineral content.
The measurements were carried out in air-dried (AD) conditions, after ethylene-glycol (EG) saturation, and after heating for 1 h at 300°C. A PANalytical Empyrean diffractometer installed at the Department of Physics of the University of Geneva, Switzerland, was used for XRD analyses. The instrument is characterized by a horizontal goniometer axis and synchronized rotation of both the source of X-rays and the detector arms. The size of the divergent slit was 1°whilst the receiving one equalled 1 mm. Measurement parameters comprised a continuous scan in the Bragg-Brentano geometry using CuKα radiation (40 kV and 30 mA) with a curved-graphite monochromator. Sample mounts were scanned at a counting time of 370 s per 0.012°from 3 to 70°and 3 to 30°2θ for whole-rock and clay-fraction, respectively.
The mineral phases were identified using the Powder Diffraction File (1996) data system and the Panalytical© HighScore Plus (v. 3.0e) program package. X-ray diffraction patterns of clay minerals were examined using methods described by Moore and Reynolds (1997) and Środoń (2006) . For the chlorite and hydroxy-interlayered mineral interpretation, the recommendations of Lagaly et al. (1984) and Meunier (2007) were followed.
Radiocarbon ( 14 C) dating
Ages from the studied succession were defined based on AMS 14 C dating done at the ETH Zurich radiocarbon laboratory, Switzerland. Organic macro remains (i.e. wood charcoal, undefined charcoal and bark remains) were sampled into aluminium foil directly from fresh and clean sediment outcrops. For sample PR402, a fresh bulk sediment sample was collected at identical location as PR381, sieved under water on a 200 μm mesh and organic remains hand-picked and rinsed with deionized water. Calibration of radiocarbon ages was performed with the 'Calib 7.10' online tool using the northern hemisphere terrestrial IntCal13 data (Reimer et al., 2013) . Ages are given with 95% confidence interval. Date format is usually provided in BCE (Before Christ) to facilitate the comparison with archaeological ages but raw 14 C ages are given in years BP (Before Present, present is 1950 CE; Table 2 ).
X-ray fluorescence
The X-ray fluorescence analyses on major and trace elements of soil and till sediments as well as nodule extracts were carried out at the Faculty of Geosciences and Environment of the University of Lausanne, Switzerland, using a wavelength dispersive spectrometer Philips PW 1400. Major elements were measured on fused disks while for trace elements the pressed powder pellets were prepared. The relative 2σ precision of major and trace element analyses was within the range of ± 5 and ± 20%, respectively. Loss on ignition (LOI) was determined by igniting a weighed sample at 1050°C. Nodules analysed as nodule concentrate were separated by hand picking from the nodule-rich layer.
Results
Lithostratigraphy and units ages
The structure of soil horizons hosting the FeeMn mineralization is characterized by 11 distinct lithostratigraphical units that were identified integrating the results of macroscopic and microscopic observations of recovered soil and sediment samples. Schematically, at the base of the studied profile, a sediment layer with heterogeneous alpine and carbonate components of clay and pebble size represents a glacial till formed during the Rhône glaciers retreat (Girardclos et al., 2005) . The glacial till surface morphology forms two promontories and a small basin (Fig. 2) , possibly caused by dead ice during early Late Glacial time or by the head scar depression left by a slide. The basin was progressively filled since about 8000 BCE by several successions of colluvium. The colluvial layers were occasionally featured by evidences of human occupation dated to the period of Middle Neolithic to Bronze Age, and later cultures such as the Hallstatt and La Tène SteimerHerbert, 2015, 2017) . Lithological units were dated by radiocarbon analysis of charcoal and bark samples and, when available, from well identified archaeological remains Steimer-Herbert, 2015, 2017) . A detailed overview on established lithostratigraphical units in the soil and sediment horizons of Grand-Saconnex is given in Table 3 with related radiocarbon dating in Table 2 .
The studied succession starts with the basement glacial till consisted of greenish to greyish silty-clayey heterogeneous sediment that occasionally hosts a variety of altered rock fragments. Most of the till gravels are of alpine origin and are related to the Rhône glacier deposits that emerged during the last deglaciation (Moscariello et al., 1998; Girardclos et al., 2005) . Glacial till was reported mostly from the promontories location since it is placed deeper compared to the nodulerich layer of the colluvium basin (Fig. 2B) . The glacial till could have not been precisely dated because of a lack of terrestrial microfossils. Still, this sediment is correlated with till-like deposits that filled the large proglacial Lake Geneva during the Rhône glacier deglaciation (i.e. between 20 and 17 ka BCE; Moscariello et al., 1998; Girardclos et al., 2005; Fiore et al., 2011) .
A similar but altered patchy unit of brownish glacial till is topping the NW of glacial till promontory. With regard to glacial till, this unit has similar heterogeneous matrix characterized by a brownish colour and numerous gravel to pebble sized altered rock fragments. No charcoal or human artefacts were recovered thus precluding dating of this layer. The brownish glacial till is, at least older than 2867 to 2580 BCE, because it lies stratigraphically below a human reworked unit named disturbed brownish glacial till. The latter forms the infill matrix around the two menhirs (Fig. 2) . Menhirs are believed to have been placed in small pits excavated into the brownish glacial till during the Late Neolithic Steimer-Herbert, 2015, 2017) . The brownish glacial till is the only unit, in addition to the deglaciation glacial till, which does not contain any wood charcoals. Bearing that in mind and taking into consideration strong decalcification coupled with brownish (original) to bluish (alteration) colours, this layer is believed to represent a remnant of elsewhere eroded Late Glacial soil. In the NW portion of lower profile (between CF29 and CF26; Fig. 2B ), the brownish glacial till and its bluish base are folded, which is indicative for translational sliding or creeping of soil. Folding is possibly related to high magnitude earthquake(s) that were known to occur during the Lake Glacial time and is inferred from the 8-km-away sublacustrine mass movements in the western part of Lake Geneva (Girardclos et al., 2005) . The soil sliding may also be explained by increased local runoff that took place following the large-scale forest fires that happened between 10,133 and 10,293 BCE as suggested by radiocarbon age overlap of large bark and wood charcoal samples reworked in different soil units (PR 402 and 812; Table 2 ).
The base of the colluvium basin succession is also consisted of glacial till (Fig. 2B ), topped by a 30 cm thick layer of till featured by an intensive calcification and formation of alteration crusts. Radiocarbon dating of charcoals near the top of this unit (PR 812 and PR 810; Fig. 2A ; Table 2 ) indicates material re-deposition via colluvial processes that took place around 8 ka BCE. The bark sample PR812, dated at 10293-10035 cal yrs. BCE, points to age inversion in regard to the underlying younger wood charcoal PR810, dated at 8146-7967 cal yr BCE. Sample PR 812 is, therefore, interpreted as reworked material and was excluded from further considerations. The end of the deposition of colluviated glacial til is defined by the age of the sample PR810 dated to ca. 8000 cal yr BCE, which corresponds to the Boreal biozone (8.8-7.2 ka BCE; sensu the Swiss Plateau chronobiozone CHb-5a/b of Lotter, 1999) . Because no dating was available for the base of this unit it follows that colluvial processes might have commenced already during the Late Glacial following the deposition of glacial till.
The next lithostratigraphical unit of the colluvium basin is named leopard layer due to an intensive multi-colour interplay ( Fig. 2A) . Namely, this soil unit is consisted of sand-to clay-sized sediment of yellowish to brownish-spotted colour. Certain spots are rather whitish due to severe calcite precipitation. The FeeMn nodule rich layer with a thickness of 1 to 2 cm is found at the very top of the leopard layer in the transition zone toward the so-called dark colluvium and it can be continuously traced extended horizontally for about 4 m ( Fig. 1) . At the nodule-rich level the silty-clayey substrate forms a 50-by 25-m-large oval shaped depression of maximum 1-m-depth that was eventually reached by water table. No anthropogenic artefacts were reported in leopard layer. Charcoal at the top of the unit is dated to about 4596-4460 BCE (PR740; Fig. 2A ; Table 2 ), indicating a deposition of leopard layer after the one of colluviated glacial till during. This The age inversion with sample PR810 is pointing to sample reworking.
happened during the Older Atlantic (7.2-5.9 ka BCE; sensu CHb-6 of Lotter, 1999) and lasted until the first phase of the Younger Atlantic of the Swiss Plateau (CHb-7a Pinus Corylus, 5.9-4.35 ka BCE; Lotter, 1999) . Similarly to PR812, the charcoal sample PR402 ( Fig. 2A ; Table 2 ) yielded an older age than PR740 and PR810 (10454-10,133 BCE). The age of PR402 was therefore excluded from further stratigraphic interpretation. The leopard layer ends with a condensed archaeologic horizon dated from the remains of a fireplace at 4587-4460 cal. yrs BCE ( Fig. 2A , Besse and Steimer-Herbert, 2017) . This age corresponds well to the Middle Neolithic (dated 4800 to 3400 yrs BCE) human occupation situated nearby (Privati et al., 2008) . The next unit with a maximal thickness of 0.5 m, called the dark colluvium, is dark-brown to blackish in colour and dominantly consists of clayey to silty well-compacted fine material with some charcoals. This unit becomes thicker toward the east reflecting a probable sediment source from the SE promontory. The dark colluvium layer is younger than the underlying Middle Neolithic horizon inferred from archaeological remains dated to 4.8-3.4 ka BCE. Two radiocarbon analyses of wood charcoals with ages of around 2.9-3.1 ka BCE (PR440 and PR498, Fig. 2A ; Table 2 ) and 3.8-3.9 ka BCE (PR378, Fig. 2A ; Table 2 ) confirm this interpretation suggesting a minimum time span of 2.9-3.9 ka BCE, which in turn corresponds to the medium part of the Younger Atlantic of the Swiss Plateau (CHb-7a Abies, 4.35-2.7 ka BCE; sensu Lotter, 1999) .
The next lithostratigraphic unit in the vertical order with a maximal thickness of 0.5 m is the silty to clayey colluvium interlayered with several greyish charcoal beds named greyish colluvium with charcoals ( Fig. 2A) . The colluvium is topped by a 10 to 15 cm thick sandy to silty brownish colluvium with small stones (Fig. 2A) . Both units seem to accommodate the space to the NW that was left free of black colluvium. These units are contoured with the Late Neolithic archaeological layer (dated from remains at 3400-2200 BCE) at the base of the greyish colluvium with charcoals and the Late Bronze/Hallstatt horizon (dated 1300-480 BCE) found at the top of the brownish colluvium with small stones, while the Early Bronze Age archaeological horizon (dated 2200-1600 BCE) separates two units. Such an archaeological record is characteristic for the last part of the Younger Atlantic of the Swiss Plateau (CHb-7a Fagus, 4350-300 BCE; sensu Lotter, 1999) .
From the brownish colluvium with small stones toward the top of the studied succession, the lithostratigraphy is gradually influenced by human activity showing not only the indications of early forest clearance and agriculture but also the reorganization of the local distribution of boulders and gravels (Besse and Steimer-Herbert, 2017) . The observed stone pavements are believed to have been constructed to ease water circulation due to the occasional flooding. The field investigations undertaken during 2015 and 2016 and the local hydrogeological map (source: Le système d'information du territoire à Genève) are in favour of the presence of soil saturation by temporary aquifers. Indeed, an enhanced precipitation was able to water saturate the soil succession at depth of ca. 1 m in the colluvium basin. The role of temporary groundwater at the site is further confirmed by numerous types of drain structures that belonged to La Tène culture (480-20 BCE) and were lasting up to the beginning of 20th century.
The colluvium succession ends by a 0-90 cm thick silty to clayey yellowish colluvium, which practically covers the entire surface of surveyed site ( Fig. 2A) . The yellowish colluvium lies above the 480-20 BCE old archaeological horizon attributed to La Tène culture and acts as a 'sealing' layer for underlying units. Finally, at the very top of this profile a modern soil layer is found, featured by the vestiges of modern agriculture. 4.2. Soil mineralogy 4.2.1. Bulk mineralogy An exhaustive dataset on QEMSCAN® modal mineralogy of soil samples is provided in Table 4 . Quartz (~38-55 wt%) and in lesser amounts feldspar of dominantly plagioclase composition and 10 Å phyllosilicates (~10-15 wt% and~10-30 wt%, respectively) account for the vast majority of mineral phases present in analysed soil samples. Minor minerals totalling maximally~5 wt% are chlorite, K-feldspar, calcite, kaolinite, titanite, rutile, and Al-poor amphibole. Although the soil modal mineralogy does not seem to be greatly influenced by lithostratigrahic unit distributions, some remarkable differences are noticeable. Thus, the leopard layer has significantly higher proportions of 10 Å phyllosilicates (illite + fine-grained muscovite and biotite), chlorite, and amphibole ( Fig. 4A; Table 4 ), whereas the amounts of quartz are for about 20% reduced. In addition, this unit contains up to 5 wt% of FeeMn mineralization concentrated exclusively within the FeeMn nodules (Fig. 4B) . Dark colluvium and greyish colluvium with charcoals are similar in terms of their modal mineralogy content and are featured by somewhat higher K-feldspar content compare to the rest of sample batch ( Fig. 4C, D ; Table 4 ). Due to the grain-size heterogeneity, the stratigraphically lowest unit defined as glacial till was not investigated by QEMSCAN® and its mineralogy was taken from Moscariello et al. (1998) who reported extensively on the composition of till-like glaciolacustrine sediments of the Oldest Dryas (> 15.0-13.2 ka BCE; sensu chronobiozones of the Swiss Plateau; Lotter, 1999) in the Geneva Basin pointing out, based on XRD wholerock measurements, calcite (~25-50 wt%), quartz (~9-30 wt%), phyllosilicates (~10 to 20 wt%), and feldspars (~2-7 wt%) as dominant phases. Other minerals account for minor phases (~10 to 15 wt%) and are primarily consisted of amphibole, pyroxene, epidote, apatite, and Fe-oxides.
In the soil horizon developed on the colluviated glacial till basement, quartz usually appears in the form of well-rounded grains that are on average about 100 μm in size. Still, individual grains may attain up to 2 mm in diameter (Fig. 4D ). Plagioclase and K-feldspars are angular to subangular fitting a range of grain sizes from several to several hundred microns (Fig. 4C) . K-feldspar usually shows signs of albitization with the latter being either at the incipient, medium, or final stage (Fig. 4C) . Amphibole grains are rarely encountered emerging in irregular lathforms. The rest of the mineral assemblage renders a few microns sized matrix material predominantly composed of sheet silicates (Fig. 4) .
Clay fraction mineralogy
Clay mineral content with the relative abundances in analysed soil samples is provided in Table 5 . XRD representative patterns are given in the Fig. 5 . All the horizons, including the basal colluviated glacial till, are dominated by chlorite, 10 Å phyllosilicates, and in some lower extent kaolinite. Minor phases detected are mixed-layer illite-smectite and chlorite-smectite, and only sporadically 7 Å berthierine-like MgeFe minerals as well as hydroxyl-interlayered minerals (HIM).
Illite or possibly a fine-grained detrital mica was defined in XRD patterns by a range of 00l reflections unaffected by glycolation (d 001 9.91-9.98 Å, Fig. 5 ). The Kübler Index values (KI, "illite crystallinity", Fig. 4 . QEMSCAN® imagery of different soil samples -soil horizon rich in protonodules (A), soil horizon rich in nodules (B), and soil horizons without nodules (C and D). For details, see the text. Kübler, 1964) measured at the 001 reflection of illite were all below the limit of 0.32, which defines the epizone metamorphic conditions (Ferreiro Mählmann et al., 2012 and references therein) . In other words, such KI values of illite are strongly in favour of the detrital origin of illite particles.
Although the diffraction images of chlorite are largely overlapped by kaolinite, the former was clearly identified by its 001, 003 and 004 basal reflections at~14.2 Å,~18.7 Å, and~25.11 Å, respectively (Fig. 5) . Chlorite is clearly enriched in Fe content thus approaching to chamosite-type end member composition, which is suggested by the strong loss of intensity of its odd basal reflections (Moore and Reynolds, 1997; Fig. 5 ). The Árkai Index (AI, "chlorite crystallinity", Árkai, 1991) was measured at 002 reflection of chlorite theoretical curves, due to the reflection overlap with 001 kaolinite, and it showed AI values typical for metamorphic epizone (~0.11 to 0.16°Δ2θ), which is strongly in favour of a detrital nature of chlorite.
Kaolinite emerges ubiquitously with diagnostic reflections d 001 and d 002 at about 7.14 and 3.56 Å, respectively (Fig. 5) . The first basal reflection of kaolinite shows a tailing in the low angle region, which indicates a presence of some minor interstratified 2:1 clay mineral. Moreover, some of analysed XRD patterns suggest a presence of another 7 Å phase(s), possibly from the serpentine group (Fig. 5, sample PR383) . Their XRD maximum is documented at higher angle side of the 002 kaolinite reflection. This was reported in the sample PR383 and to a variable extent in other samples from colluviated glacial till, and leopard layer and dark colluvium ( Table 1 ). The presence of such 7 Å clay minerals with a clear 002, and somewhat masked 001 reflection at 25.34 and~12.70°2θ, respectively, normally calls for an enhanced weathering of FeeMg minerals like olivine and pyroxene giving rise to crystallization serpentine-like 1:1 clay phases (Fawcett, 1965; Baker and Haggerty, 1967) .
Following the criteria of Reynolds and Hower (1970) , the expandable interstratifications of illite and smectite were reported in all samples, and are especially abundant in brownish glacial till and in somewhat lower extent in the dark colluvium (Table 5) . Following glycolation, at least two types of IeSm mixed-layer minerals were identified in those layers -a smectite-rich ordered IeSm with the first basal reflex shifted from 13 to about 16.5 Å and IeSm with a broad 001 reflex that migrated from 12.5 to 14.5 Å (Fig. 5, sample PR125) . Such newly formed reflections that emerged after glycolation stem from the swelling of IeSm characterized by a range of compositions and variable ordering (Lanson and Besson, 1992; Lanson and Velde, 1992; Šegvić et al., 2016) . In most of the remaining samples illite-smectite is a Smpoor variety identified by the asymmetry of 001 illite reflection (Moore and Reynolds, 1997; Fig. 5, sample PR85) .
Chlorite-smectite expandable interstratification is documented only in glacial till (Table 5 ) and is identified following the glycolation and subsequent migration of CeSm 001 reflex from~14.14 to~15.62 Å (Fig. 5, sample PR826 ). Bearing in mind that vermiculite-smectite interstratifications are structurally related to CeSm, but at the same time are affected by EG treatment and are susceptible to heating, a possible misidentification (CeSm vs. VeSm) of these type of mixed-layers is excluded (Moore and Reynolds, 1997) . The position of CeSm d 001 reflex after glycolation suggests a chlorite content to be about 30%, which is typical for diagenetic CeSm mostly formed on account of saponite (Hillier, 1993; Zanoni et al., 2016) .
Hydroxyl-interlayered minerals (HIMs) are documented principally in colluviated glacial till and in lesser amounts in leopard and dark colluvia (Table 5) . Following the recommendations of Meunier (2007) , the presence of hydroxyl-interlayered vermiculite (HIV) was distinctly established. This type of clay minerals in XRD patterns readily forms a plateau around 12.5 to 13.5 Å, which remains unchanged upon the glycolation treatment (Fig. 5, sample PR383) . Only after the heating at 300°C the plateau forms a broad but distinguishable reflection at about 12 Å thus corroborating a presence of HIV (e.g. Righi and Petit, 1993; Meunier, 2007; Yin et al., 2013; Fig. 5 , sample PR85).
Morphological, mineralogical and geochemical characteristics of FeeMn nodules
A centimetre thick dark zone documented at the very upper level of the leopard layer ( Fig. 2A ) was reported to be rich in FeeMn nodules. The nodules are black to dark grey in colour sporadically showing reddish oxidation crusts. They are usually around 2 mm in diameter rarely emerging as larger particles (Fig. 3) . Internal architecture is featured by a regular quasi-layered concentric zonation that is defined by the contrasting mineralogy (biotite -illite -FeeMn minerals bands) or by the differences in mineral granulometry (quartz and feldspars vs. sheet silicates) (Fig. 6 ). Smaller nodules (0.5 to 1 mm in diameter) are usually less concentric changing gradually from sub-spherical to subangular forms (Fig. 4B) . Frequently they lack a differentiated internal fabric described for the nodule larger particles.
The nodules are largely consisted of primary minerals encountered in neighbouring soils (quartz, feldspars, illite, biotite, and other phases) that are cemented by FeeMn oxy-hydroxide and FeeMn rich clay minerals, thus giving the nodules a dominantly dark appearance (Figs. 3A, 6B; Rabenhorst and Parikh, 2000) . XRD investigation preformed on a nodule-rich concentrate showed a great degree of amorphicity of Fe and Abbreviations: Chl = chlorite; I = illite; Kaol = kaolinite; I-Sm = mixed-layer illite-smectite; C-Sm = mixed-layer chlorite-smectite; HIM = hydroxyl-interlayered minerals; Ms. = muscovite; ++ indicates major phases detected by XRD, + indicates minor phases detected by XRD, * indicated phases believed to be present, but not unequivocally confirmed by XRD, − indicates phases not detected by XRD.
Mn compounds, which is likely related to the small particle size and poor ordering (i.e. low crystallinity) (e.g. Childs, 1975; Torrent et al., 1980) . There are indications, however, that Fe oxy-hydroxide could be lepidocrocite as pointed out by XRD diffraction maximum at~13.90°2θ (not shown). Lepidocrocite commonly emerges in association with goethite in wet soils that experienced restricted water drainage (Scheffer et al., 1997) . Manganese mineral(s) on the other hand did not show any diagnostic XRD reflections, which is consistent with their low crystallinity reported in FeeMn nodules and concretions (e.g. Rhoton et al., 1991; Cornu et al., 2005) . Phase chemistry of FeeMn compounds within the nodules was investigated by SEM-EDS and is shown in Table 6 . Total FeO content attains maximally~40 wt%, whereas MnO abundances do not exceed 5 wt%. In general the composition of FeeMn oxy-hydroxides is unstable and in addition to Fe and Mn some additional Si, Al, and Mg are always present, which is explained by submicron to micron sizes of FeeMn particles leading to mixed EDS analysis via the influence of neighbouring silicates (Fig. 6B) . As mentioned above, analysed nodules are featured by well differentiated band-like internal structure (Fig. 6) . Biotite for instance is reported to form tiny outer rims of the nodules and is well abundant in the soil matrix while virtually no biotite is found within the nodules' interior (Fig. 7A) . Similar behaviour is depicted by chlorite. On the other hand, the FeeMn clay -an arbitrary designation used for illitelike minerals with EDS chemistry showing 10 to 15 wt% of Fe and Mn ( Fig. 7B ; Table 6 ) -appears exclusively within the nodules. Finally, Fe mineralization tends to concentrate along the nodules' periphery (i.e. coatings) thus defining relatively homogenous domains made of Fe oxyhydroxides (Fig. 6A, B) . To a variable extent this mineralization may evenly cement the nodules' interior. QEMSCAN® investigation further showed that FeeMn nodules possess a characteristic concentric architecture made of distinctive FeeMn rich zones. Concentrations of Fe reach maximally~65% (Fe content in EDS spectrum per acquisition point), which overlaps with the distribution of Fe oxy-hydroxides enriched in particular at nodules' periphery (Fig. 8) . Conversely, concentration maxima of Mn (~20%) are scattered within nodules' interior and correspond to minute Mn mineralization (few microns in size) clearly intertwined with FeeMn clay (Fig. 8) .
Soil and nodule whole-rock geochemistry
Major and trace element geochemistry of analysed nodule concentrate, nodule-rich, and soil samples is provided in Table 7 . Major element content is generally homogenous and very silica-rich with SiO 2 abundances reported in the range of~67 wt% (nodule-rich sample) to about 71 to 75 wt% (most of soil samples). In glacial tills (in place or colluviated) the content of silica may occasionally be reduced (~52 to 60 wt%; PR96, PR111, PR826), which is the case when CaO abundances exceed 10 wt%. The Al 2 O 3 content is stable and range from~10 to 12 wt%, being somewhat lower in CaO-rich glacial tills (~7 to 9 wt%, Table 7 ). The amounts of FeO vary consistently from 3 to 4 wt% across a range of soil layers reaching the maximum of~7 wt% in the nodulerich sample. Proportions of MgO are constant in soils (~1 wt%), while increasing in the nodule-rich layers (~1.2 to 1.5 wt%, PR381 and PR386, respectively) and attaining their maxima in glacial till (~1.4 to 1.8 wt%). Calcium content is normally found below~1 wt%, unless some calcite is present, which is documented in a few samples of glacial till with the CaO share ranging from~12 to 15 wt% (Table 7 ). The amounts of K 2 O and Na 2 O range from~1.7 to 2.0 wt%, and the remaining of major elements (TiO 2 and P 2 O 5 ) appear on average in the concentrations that do not exceed 1 wt%. The loss on ignition (LOI), normally assigned to water loss or calcite dissociation, ranges from 2.6 to 5.3 wt% in soil horizons while reaching a range of~11.6 to 14.9 wt% in calcite-rich glacial till. Major element abundances of analysed soil and till layers are characteristic for their colluvial origin reflecting high silica and alumina contents of crystalline bedrocks from which analysed layers originated from (e.g. Wang et al., 1981) .
The concentrations of lithophile elements (Ba, Rb, Cs, and Sr) are generally high (Ba and Rb -several tens to hundreds of ppm, respectively, Table 7 ) with an abnormal enrichment of Ba in the nodule-rich layer (~1500 ppm). Strontium is controlled by Ca that led to its strong accumulation in calcite-rich glacial till. The crustal forming ferromagnesian trace elements (e.g. Cr, V, Zn, Co and Ni) and some of rare earth elements (Ce, Sm, and Yb) are found enriched in the nodule-rich layer as well as in the samples of non-carbonate glacial till. This may be attributed to the presence of FeeMg minerals (olivine, spinel, pyroxene, and amphibole) in those horizons (Table 4) . High field strength elements (Y, Zr, Nb, Ta, and U) that are both incompatible and immobile due to their resistance to weathering and alteration processes (e.g. Feng and Kerrich, 1990; Fei et al., 2017) depict relatively uniform concentrations across all the investigated horizons. No significant enrichment has been reported in nodule-rich layers nor in glacial tills, except partly for thorium (Table 7) . The minor element concentrations in soils and sediments are very susceptible to the type of rocks they were derived from (Paquet and Clauer, 1997) . Thus, the ratios of certain immobile elements (La/Sc, La/Co, Th/Sc, Th/Co, Th/Cr, and Cr/Th, Table 7 ) in analysed samples indicate their affiliation with felsic to intermediate magmatic rocks (e.g. Cullers and Podkovyrov, 2000; Madhavaraju et al., 2010) . On the other hand, the Cr content with the values in the range of~90 to 200 ppm is much higher than the average reported for felsic and intermediate rocks (~1 to 10 ppm, Königer and Lorenz, 2002) . Such apparent discrepancies reflect the complex geology of the watershed of the upper Rhône River whose primary sedimentary sink is presently located in Lake Geneva (Stutenbecker et al., 2017) . The area of upper Rhône River is composed of diverse litho-tectonic units that account for oceanic (ophiolite) domains of the Valais trough and the Piedmont-Liguria ocean, and remnants of the Briançonnais microcontinent that are incorporated in the Alpine orogeny along with the European autochthonous slices of metamorphosed crystalline basement, "sub-penninic" (i.e. allochthonous) basement nappes and the folded sedimentary cover (Trümpy, 1960; Schmid et al., 2004; Herwegh et al., 2017; Ragusa et al., 2017) . Ill -illitic minerals (illite and mixed-layered illite-smectite); Bt -biotite; Vrm -14 Å vermiculite-like minerals; Ms -muscovite; Fe-oxi -iron-rich mineralization; Mineral abbreviations after Kretz (1983) .
Discussion
Origin of Fe and Mn and nodule formation mechanism
Most of existing studies on FeeMn nodules in soils and sediments reported on mineralogical similarities between the nodules and surrounding soil matrix pointing out to their genetic relationship via an insitu FeeMn soil cementation (e.g. Gasparatos et al., 2005 , Gasparatos, 2012 . There is however a paucity of information revealing the origin of Fe and Mn, and describing early processes that lead to their mobilization and precipitation eventually giving rise to the formation of protonodules. High-resolution mineralogical mapping has confirmed similarity between the nodules and matrix (Figs. 3B, 6B) . Quartz, different feldspars, and some minor ferromagnesian minerals are found equally inside and outside the nodules without any preferential accumulation. However, a striking difference in the composition of these domains, apart from an obvious FeeMn cementation, lies in a lack of biotite inside the nodules (Fig. 7A) and appearance of so-called FeeMn clay in lieu of regular illite (Fig. 7B) . Knowing that FeeMn clay describes the composition of illite-like minerals of an elevated Fe and Mn content (10 to 15 wt%) one may argue that biotite served as source of Fe (and Mn) that in turn cemented the fine-grained soil matrix. This explains exotic clay mineral compositions obtained by X-ray mapping (i.e. mixed analyses). A range of Fe-rich micaceous phases (herein referred as biotite) is very abundant in analysed soils (Table 4) clay fraction is consisted of illite and different illite-smectite interstratifications essentially poor in Fe (Table 6 ). Different ferromagnesian minerals such as amphibole, pyroxene, olivine, garnet and spinel are reported only as minor soil constituents (Table 4) . This means that biotite effectively controls the total budget of Fe (and presumably Mn) in all investigated soil horizons. Weathering of biotite in oxidative conditions at the Earth's surface normally leads to the oxidation of octahedral Fe and its further precipitation in form of poorly ordered Fe (III) oxyhydroxydes (Banfield and Eggleton, 1988; Behrens et al., 2015) . Some recent research demonstrated that basidiomycete fungi are capable to oxidize a substantial amount of divalent Fe from micaceous phyllosilicates (Bonneville et al., 2016) .
The SEM-EDS investigation has shown that biotite laths found within the nodules essentially exhibit three stages of alteration. While still preserving a relatively stable phase chemistry (analyses 1 and 2, Table 6 ) some crystals of biotite depict intrinsically unstable morphologies marked by partial exfoliation and distortion of basal mica sheets that lead to the weakening of interlayer cohesion and formation of lateral discontinuities (Fig. 9a) . Next stage is characterized by the removal of interlayer K and gradual evolution toward vermiculite composition (analyses 3 and 4, Table 6 ; Fig. 9a ). Conduits established by biotite exfoliation facilitated this transformation via oxygen entrainment which triggered the oxidation of octahedral Fe(II) into Fe (III). Iron oxidation is usually enhanced by the microorganisms that are commonly found in soils (Smits et al., 2009; Arocena et al., 2012 ). Yet, careful SEM observations did not reveal the traces of microbial activity. This stage of biotite alteration is characterized by the regions made of 14 Å minerals (i.e. vermiculite) and patchy remnants of 10 Å precursor phase (i.e. biotite) (Fig. 9a) . The two are best distinguished by the difference in BSE colour (contrast), while EDS chemistry of biotite regions yields transitional (or mixed) compositions (not shown). Mica weathering and formation of vermiculite-like secondary clays is usually explained by explained by replacement processes with parent and daughter minerals being in a close topotactic contact (e.g. Novikoff et al., 1972; Fordham, 1990) . Alternatively, several studies call for a direct modification of 2:1 biotite structure by redistribution of components of two biotite sheets giving rise to a single vermiculite sheet (e.g. Banfield and Eggleton, 1988; Takaya et al., 2014) . The latter Oxides are expressed in wt% and elements in ppm. LOI -lost on ignition. Šegvić et al. Applied Clay Science 160 (2018) 22-39 conveniently explains Fe and Mg enrichment in the newly formed 14 Å phases along with the formation of microcracks parallel to vermiculite basal planes ( Fig. 9a ; e.g. Jamtveit et al., 2009 ). The sole element not found in vermiculite is K, which was presumably accommodated in the surrounding illite-smectite following the collapse of biotite. This hypothesis is corroborated by significantly higher K content from illitic clays within the nodules (analyses 5, 10, 13; Table 6 ) with regard to the K-impoverished illite-smectites from the matrix. Namely, the repetitive reducing and oxidizing cycles in soils promote the accommodation of K in mixed-layer illite-smectite (Huggett et al., 2015) . As suggested by geomorphological evidences at the time of nodule formation the morphology of terrain as well as the paleoclimate must have facilitated water retention and accumulation of organic matter (c.f. next subchapter) causing seasonal variations in Eh-pH conditions and enhanced mobilization of dissolved cations (Hasenmueller et al., 2017; Yli-Halla et al., 2017) . Distribution of redox-sensitive trace elements such as V, As, Mo, and Sb seems to be controlled by the fluctuations of oxic-anoxic interface (Algeo and Maynard, 2004) . Our data do show an enrichment of redox-sensitive trace elements, as well as in Pb and Co, in the nodulerich layer (sample PR386, Table 7 ), suggesting the seasonality of environmental conditions during the time of nodule formation. Weathering of biotite ultimately leads to its complete obliteration and migration of Fe(III) and Mn(III/IV) to form the poorly crystalline Fe and Mn oxyhydrohydes (Fig. 9b) . The orientation of such mineralization is parallel to basal planes of host phyllosilicates, but with continuous weathering, Fe and Mn segregations tend to concentrate (analyses 12, Table 6 ) giving rise to the creation of FeeMn protonodules (Figs. 9c,  4A ). This process is controlled by the seasonality in preponderating hydromorphic conditions. It follows that during wet periods Fe and Mn are reduced and easily dispersed in the soil and, on the other hand, at the time of drying period the soil gets more oxidized, which leads to reprecipitation of Fe and Mn along the planes of sheet silicates or within matrix pores (Wheeler et al., 1999; Vepraskas, 2001) . Most likely, the differentiation of concentration maxima of Fe and Mn documented in analysed nodules took place during this stage as a result of variations in their oxidation potentials (e.g. Huang et al., 2008) . The dispersion of Fe and Mn and thus, the nodule growth, eventually ceased once the hydromorphic conditions changed and oxidizing conditions prevailed permanently. The latter is strongly suggested by U/Th and Ni/Co ratios (< 1.25 and < 5, respectively, Table 7 ) characteristic for the oxic environmental conditions (Madhavaraju et al., 2015 and references therein) . It is therefore reasonable to hypothesize that the onion-like structure of the nodules, defined by concentration maxima of Fe (Fig. 8) , outlines ancient migration fronts that were dependant on seasonal changes in water saturation. Finally, one should evaluate the role of ferromagnesian minerals (i.e. amphibole, olivine, spinel, and garnet) which might have also contributed to the amount of available Fe and Mn needed for nodule formation. Concentrations of FeeMn minerals are reported to be significantly higher in the nodule-rich layer and are further concentrated in the nodules itself (Table 4 ). This enrichment could reflect an increased contribution of runoff sediments in the European perialpine region during the Boreal and Atlantic times (c.f. next subchapter). And yet, should ferromagnesian minerals have been preferentially weathered to contribute to the formation of poorly crystalline FeeMn mineralization their content in nodules would have decreased like in the case of biotite. Moreover, the oxidation of Fe(II) in pyroxene and amphibole increases the internal mineral strain which may lead to microcracking and enhanced weathering (Behrens et al., 2015) . Detailed X-ray mapping of the nodules did not provide alteration evidences of FeeMn minerals as they appear practically intact (Amp: grey; Grt: violet; Fig. 6B ). Conversely, high-temperature igneous phases are normally easily altered by weathering (e.g. Hewawasam et al., 2013 and references therein) readily releasing Fe and Mn during dissolution. However, taking into account the (1) concentration of FeeMn phases within the nodules, (2) paucity of their alterations, and (3) an overall low content (Table 4) , the contribution of FeeMn minerals to available budget of Fe and Mn is considered marginal. 
Paleoenvironmental significance of nodule formation
Radiocarbon ages of soil horizons from the archaeological site of Grand-Saconnex have shown the youngest age of colluviated glacial till to be around 8 ka BCE (Table 2; Fig. 2A ) which corresponds to the Boreal time (sensu the Swiss Plateau chronobiozones of Lotter, 1999) . Stratigraphically superimposed leopard layer ends at ca. 4.6-4.4 ka BCE thus belonging to the first phase Younger Atlantic (CHb-7a Pinus Corylus, 5.9-4.35 ka BCE; sensu Lotter, 1999) . The upper portion of the latter is considered coeval with the appearance of nodule-rich layer investigated herein. The age of the dark colluvium, which represents the next soil horizon in the vertical succession is younger, ranging from 4.3-2.9 ka BCE. This corresponds to the medium part of Younger Atlantic (CHb-7a Abies, 4.35-2.7 ka BCE; sensu Lotter, 1999) . The global climate models and multi-proxy climate reconstructions are both consistent in defining the onset and mid-Holocene time from around 9.7 to 4.0 ka BCE to be a period of relatively warm climate ("The Holocene thermal maximum") (e.g. Mauri et al., 2015) . This is particularly pronounced in the middle and high latitudes of the Northern Hemisphere further reflecting the orbitally forced summer insolation maxima (Renssen et al., 2009 ). Yet, it was shown that the timing and magnitude of the warming may largely differ between various regions as indicated by proxy-based reconstructions (Battarbee and Binney, 2008 and references therein). Based on pollen studies, the mid-Holocene thermal maximum in the area of Central Europe took place at the millennium around 4 ka BCE, which is considered as a time of maximum summer warmth (6 ka BP; e.g. Cheddadi et al., 1996) . Following the thermal maximum of mid-Holocene the climate has stabilized throughout the European continent, with a steady cooling trend toward the late Holocene reaching its climax during the Little Ice Age in the 17th century (Battarbee and Binney, 2008) .
Clay mineral compositions of young soils may record prevailing climatic conditions at Earth's surface (e.g. Tabor and Myers, 2015) . With some restrictions, clay minerals from the successive soil horizons serve as reliable indicators of successive paleoclimates (Singer, 1980) . Usually, higher temperatures and rainfalls lead to an enhanced hydrolysis which ultimately results with the smectitization of detrital mica (e.g. Šegvić et al., 2016) and formation of pedogenetic kaolinite and smectite (Khormali and Amini, 2015) . In analysed soil horizons, a clear increase in the amount of illite-smectite is documented, with no or only minor illite-smectite in glacial tills, medium amounts in leopard layer and high content in the dark colluvium layer (Table 5) . Solely the nodule-rich layer deviates from the trend, recording a somewhat higher illite-smectite content richer in Sm component compared to the neighbouring soil horizons. Referring to the general increase in illitesmectite content and more or less uniform distribution of chlorite and illite/mica across the profile, one may infer that higher weathering and partial conversion of non-expandable 10 Å structures through mixedlayering coincides with mid-Holocene thermal maximum in middle Europe documented around 4 ka BCE. Smectite and interstratified illitesmectite are products of chemical weathering of mica and chlorite, and are considered as indicators of weathering intensity in alpine soils (e.g. Egli et al., 2003 ). An increased weathering that resulted in the formation of mixed-layered clays is corroborated by relative impoverishment of easily leached silica with respect to alumina as reported from the topping layers of the colluvium (Table 7) . Such depletion is characteristic for warm and relatively humid climates that favour high-rate weathering (White and Blum, 1995) . Furthermore, a steady rise of illitesmectite content in younger portion of the colluvium along with a constant share of detrital chlorite and illite/mica may indicate a diversification of the origin of clay particles. Indeed, starting with the onset of the Oldest Dryas (> 15.0-13.2 ka BCE; Lotter, 1999) the importance of the Rhône glacier catchment as a primary source of sediment for the region of Lake Geneva commenced to fade out while the input of local alluvial streams has gradually increased (Baster et al., 2003; Girardclos et al., 2005) . Thus, in the western part of Lake Geneva an intensive brownish colour of the Boreal age sediment was interpreted to reflect an increased terrestrial input (Girardclos, 2001) . Warmer climate during Boreal time is also suggested by the retreat of pine and birch forests while thermophilous hazel woods and dense broadleaved forests of oak, elm, and lime expanded. Such trend continued to the Older and Younger Atlantic testifying on the prevalence of mixed broadleaved forests in the area of western Switzerland (Girardclos et al., 2005) .
Higher illite-smectite concentrations richer in Sm component are reported in soil horizons younger than ca.7 ka BCE reflecting an ongoing hydrolysis facilitated by warmer climate and intense surficial weathering of glacial sediment which in the Alps emerged during Atlantic between 8 and 6 ka BP (Luetscher et al., 2011; Solomina et al., 2015) . Another line of evidence in favour of mid-Holocene peak weathering is the distribution of hydroxy interlayered clay minerals (HIM) which are characterized in XRD patterns by lack of expansion of low-charge minerals when EG-solvated (Karathanasis, 1988; Fig. 5) . Their high content in colluviated glacial tills (Table 5 ) testifies on initial weathering whereby HIM act as a transitory product of mica transformation (Mavris et al., 2011) . Organic matter accumulation at the onset of soil formation in glacial sediments was much higher than in older soils (Egli et al., 2010; Vilmundardóttir et al., 2014) thus creating an acid environment that fosters HIM formation (Uzarowicz et al., 2011 (Uzarowicz et al., , 2012 . Enhanced chemical weathering due to mid-Holocene climate warming led to the progressive HIM disappearance and dominance of illite-smectite whose content steadily increased in younger soil horizons (Table 5) .
Taking into account geological and paleoclimate context outlined herein, it may be inferred that FeeMn nodules from mid-Holocene soils of the Geneva perialpine region were formed during Boreal and Atlantic times thanks to the long periods of warm climate that promoted chemical weathering of mica and release of Fe and Mn in the soil. The nodule encrustation happened at a sedimentary level dated by archaeology at 4.8-4.3 ka BCE and by wood charcoal at 4.5-4.4 ka BCE, which closely corresponds to the Holocene temperature maximum (~6 ka BP/~4 ka BCE) in Central Europe. Further on, in the European alpine areas the Boreal and Atlantic times are known as periods of increased input of runoff sediments caused by a general glacier retreat that took place around 4.8 ka BCE (Joerin et al., 2008) . Such warming trends and higher weathering rated are recorded in clay mineral content of analysed soils with illite-smectite increasing in the post midHolocene soils, partly on the account of transitionary HIM whose abundances thereafter suffered a steep decline (Table 5) .
In addition to climate change in mid-Holocene a decisive control on nodule formation in analysed sediments must have had the morphology of terrain, where colluvial basin receptive to water retention must have existed (Fig. 10) . This enabled seasonal oscillations in redox conditions facilitating the mobilization of Fe and Mn. Formation of colluvial basin likely happened during Late Glacial and is attributed to soil movement. Namely, the folded (bluish) layer documented in the till deposits and soils of the sector 1 of the excavation site (Fig. 2B , folded bluish alteration between CF29 and CF26; Fig. 10 ) can solely be explained by soil sliding or creeping. Once the hydromorphic conditions have been established, repetitive changes of Eh-pH conditions caused Fe and Mn segregation from Fe-rich mica (c.f. previous subchapter). Change in sediment colour with prevalence of beige and yellowish nuances suggests fairly aerobic environment and cease of hydromorphic conditions in the soil horizons posterior to the dark colluvium ( Fig. 2A) . Taking into account that pollen-based climate reconstructions for central Europe (Mauri et al., 2015) do not reveal any major decrease in precipitation during this period, we believe that locally present hydromorphic conditions likely changed by the Late Neolithic agriculture practices as indicated by archaeological excavations Steimer-Herbert, 2015, 2017) . Newly established environmental conditions did not favour further nodule formation that eventually ceased with the continuous deposition of the dark colluvium layer.
Conclusions
Geochemistry and mineralogy of FeeMn nodules and host Holocene soils as well as underlying till sediments from the Geneva Basin of West Switzerland yielded substantial evidences on the origin of Fe and Mn, the processes of nodule formation and the significance of the nodules in the context of changing environmental conditions in Holocene. Most of Fe and Mn was supplied through the weathering of Fe-rich mica (biotite) that is largely present in soil matrix. Biotite readily transforms to vermiculite and is subjected to further dissolution processes. Ferromagnesian minerals (amphibole, pyroxene, olivine, garnet, and spinel) participated in the total feedstock of Fe and Mn only marginally. In the first stage of weathering, part of biotite layers is converted to 14 Å vermiculite-like minerals (Fig. 9a) , which led to the loss of interlayer K and restructuration of octahedral cation content. Ferrous iron readily oxidizes as a result of oscillating redox conditions at the time of nodule formation. Iron oxidation and 2:1 layer adjustments in sheet silicates induced a pervasive microcracking parallel to 00l planes thus enhancing the percolation of reactive fluids. In the second stage of weathering, Fe(III) is being segregated in the newly formed cracks and cavities in the form of semi-amorphous FeeMn oxyhydroxydes (Fig. 9b) . The third weathering stage presumed a formation of protonodules via promoted dissolution of mica (and vermiculite) and mobilization/precipitation of Fe and Mn contingent on the prevailing redox conditions in the soil (Fig. 9c) . The growth of the nodules must have halted once the oxidizing environment was lastingly established (Fig. 9d) . Elucidating from a diverse clay mineral record present in the analysed soil colluvium, the nodule formation in the Geneva Basin speak in favour of long periods of warm climate during Boreal and Atlantic times, which led to the more intense weathering of different micaceous phases in soil. Archaeological evidences and charcoal dating yielded an encrustation age of the nodules that matches 4.8-4.3 ka BCE and 4.5-4.4 ka BCE, respectively, which is time of the Holocene temperature maximum (~6 ka BP/~4 ka BCE) in the area of Central Europe. The advent of the nodules provides an additional piece of evidence on peculiar soil processes that took place during the period of Holocene warming. Following a general glacier retreat from perialpine areas of Geneva Basin, local morphologies receptive to water retention must have been developed in the landscape creating a redox seasonality indispensable for an effective mobilization and re-precipitation of Fe and Mn (Fig. 10) . Formation of the nodules apparently ceased at the time when the Late Neolithic agriculture practices started and we interpret these changes to be causally linked. Fig. 10 . Schematic landscape reconstruction of the study site at the time of the final deposition of the leopard layer (4596-4460 BCE). The figure is centred toward north-west showing a small colluvium basin where FeeMn mineralization is represented by black dots, while the surroundings belongs to the glacial till promontory. Vegetation is only indicative but according to available data, it covered the entire landscape including the mountain chain of Jura. Circle (1) shows the position of the folded bluish layer situated between the brownish glacial till and glacial till. The circles (2) and (3) mark the locations from which the menhirs were recovered.
